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SUM^IARY 



An Investigation has been made In the Langley free- 
flight tunnel to obtain an experimental verification 
of the theoretical rudder-free stability characteristics 
of an airplane model equipped v/ith conventional rudders 
having negative floating tendencies and negligible 
friction. The miodel used in the tests was equipped with 
a conventional single vertical tail having rudder area 
1|0 percent of the vertical tail area. The model was 
tested both in fre*^ flight and miounted on a strut that 
allowed freedom only in yaw. ?.'easuremient s were made 
of the rudder- free oscillations following a disturbance 
in yaw. Tests were miade with three different amounts 
of rudder aerodynamic balance and with various values 
of m-ass, mom.ent of inertia, and center-of-gravi ty 
location of the rudder. Most of the stability derivatives 
required for the theoretical calculations v;ere determined 
from force and free-oscillation tests of the particular 
model tested. 

The theoretical analysis showed that the rudder- 
free motions of an airplane consist largely of two 
oscillatory modes - a long-period oscillation somewhat 
similar to the normal ruader-iixed oscillation and a 
short-period oscillation introduced only when the 
rudder is set free. It was found possible in the 
tents to create lateral instability of the rudder-free 
short-period mode by large values of rudder mass parameters 
even though the rudder-fixed condition was highly stable. 

The results of the tests and calculations indicated 
that , for most present-day airplanes having rudders of 
negative floating tendency, the rudder-free stability 
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charactGristl cs may be examined by simply considering 
the dynamic lateral stability using the value of the 
d1 reotional-stablli ty parameter 0^, for the rudder-free 

P 

condition in' the conventional controls-fixed lateral- 
stability equations. For very large airplanes having 
rele-tiveiy high values of the rudder mass parameters 
with respect to the rudder aerodynamiic parameters, 
however J analysis of the rudder-free st':.bllity should 
be made with the complete equations of notion. Good 
a/n:reei'nent between calculated and measured rudder-free 
stability characteristics was obtained by use of the 
general rudder-free stability theory. In which four 
degrees of lateral freedom; are considered. 

YiTnen the assumption is made that the rolling 
motions alone or the lateral and rolling m:otions may be 
neglected in the calculations of rudder-free stability, 
it is possible to predict satisfactorily the character- 
istics* of the lon55-period (Dutch roll type) rudder-free 
oscillation for airplanes only vihen the effective-dihedral 
angle is sm.allc Tith these simplifying assumptions, 
however, satisfactory prediction of the short-period 
oscillablon may be obtained for any dihedral. Further 
simpliflcatlor of the theory based on the assumption 
that the rudder moment of Inertia might be disregarded 
was found to be Invalid because this assumption made it 
impossible to calculate the characteristics of the short- 
period oscillations. 



INTRODUCTION 



Som.e military alrpl^mes have recently encountered 
dynamac instability in the rudder- free condition. 
Certain other airplanes have performed a rudder-free 
oscillation called '^snaking'* in which the airplane yaw 
and rudder motions are so coupled as to maintain a yawing 
oscillation of constant amplitude. These phenomena have 
been the subject of various theoretical investigations, 
and the factors affecting the ruddcr-free stability have 
been explored and defined in the theoretical analyses 
of references 1 to J. 

In reference 1 the most complete set of the three 
sets of equations of the rudder-free miotlon is developed. . 
The equations of reference 1, however, are very involved 
and rather unwieldy, and use of these equations to • 
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deterirjlne the mdler-f ree stability characteristios is 
consequent ly laborious. Such equations are usually 
simplified by neglecting certain degrees of freedom, or 
certain parameters and thus obtaining approximate though 
satisfactorily accurate solutions. 

In reference 'd ^ the equations were slm.plified by 
neglecting the rolling motions of the airplane. In 
reference 3^ vhich supersedes reference 2 for the rudder- 
free theory, further simplification was obtained by 
neglecting sidewise motion as well as rolling motion. 
An additional sim.plifying assumption of reference 3 is 
that the rudder moment of inertia m:ight be neglected. 
It v/as realized that these simplified equations were 
not applicable throughout the entire range of the 
variables that could be obtained, but the results v/ere 
believed to be generally applicable to airplanes of 
that iDeriod. 

In order to obtain an experimental check of the 
general and simplified equations, an experimental program 
is being conducted in the Langley free-flight tunnel. The 
results of the first part of this progran: are reported 
herein and are concerned with the rudder-free dynamic 

stability of a ^-scale airplane m.odel in gliding flight 

equipped with rudders having inset-hinge balances and 
negligible fri* ctlon. 

The rudder-free stability characteristics of the 
model were investigated for varying amounts of rudder 
aerodynam.lc and mass balance. The model was tested both 
in free-flight and mounted on a strut that allowed 
freedom only in yaw in order to determine experim.entally 
the differences caused by neglect of the rolling and 
lateral motions of an airplane with rudder free. 

In order that the results obtained by theory and 
experiment might be correlated, calculations were m.ade 
of the theoretical rudder-free stability of the model 
tested by equations involving four degrees of freedom, 
and by equations involving fewer degrees of freedom^. 
In addition, the rudder-free stability of the model was 
calculated by an approxlm.ate m.ethod that neglected all 
of the rudder parameters except those causing a reduc- 
tion in the directional-stability parameter C^^ for 

the rudder-free condition. 
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Various forco, hlnge-momcnt , and free-oscillation 
tests were run in oider to determine as many as possible 
of the stability derivatives required in the calculations 
of rudder-free stability. 



SYTJBOLS 



S wing area, square feet 

V free-stream airspeed, feet per second 

b wing span, feet 

c wing chord, feet 

bp span of radder, feet 

m mass of Yr:odel, nlugs 

rUp mass of rudder, slugs 

ky^ radius of gyration of model about longitudinal (X) 
axis, feet 

radius of gyration of model about vertical (Z) 
axis, feet 

k^ radius of gyration of rudder about hinge axis, feet 

Xp distance from, center of gravity of rudder system 
to hinge axis; positive when center of gravity 
is back of hinge, feet 

I distance fromi model center of gravity to rudder 

hinge line, feet 

/ f] \ 

D differential operator 1 

\cs/ 

s distance traveled in spans (Vt/b) 

P Derlod of oscillations, seconds 

T time requl-^ed for motions to decrease to one-half 

am.plitude , seconds 

t time, seconds 



/ 
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A, B, D5 S ooef fioients of stability quartic I'or 

rudd 6 r - f 1 :xe d lateral stability 

A-,, Bn, D., E., r., G,,H. coefficients of stability septic 
^ ^ ^ " for rudder-free lateral 

stability 

A2j 1^2^ coefficients of stability quintic 

for ri;/-.der-f ree lateral 
stability 

A:zp B;2> C^, E coefficients of stability quartic for 

^ ^ ^ >^ 5 rudder-free lateral stability 

Ail, 3),, C, , Dp coefficients of stability cubic for 

^ ^- ^' ' rudder-free lateral stability 

\ root of stability determinant (X. = a* ± ib') 

ib^ imaginary oort-i on of comr^lex root of stability 
qv;artic 

a' real root or reel portion of a complex root of 
st^:bi li ty quartic 

q d^^artc pressm-'e, pounds per square foot (^"PV"^ 

p mass density of air, slug per cubic foot 

ji model relative-density factor (m/pSb) 

rudder relative-density factor /m:p/pbpc"p2) 

root-mean- squire choT^-d of rudder, feet 

a angle of attack, radians unless otherv/ise defined 

P angle of sideslip, radians unless otherwise defined 

0 angle of roll, radians unless othervase defined 

\|; angle of yaw, radians unless otherwise defined 

5 rudder an/;^ular deflection, radians unless other- 

wise defined 

Y flight-path angle, radians unless otherwise defined 
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rolling E^ngul.:..r velocity, radians per second 

yavjlng r^ngular velocity, radif^ns per second 

lateral component of velocity, feet per second 

/^Lift>| 

lift coefficient Kr^^J 

/^Dracr \ 

drag coefficient \ ^^J 

,^ . , 0. . o. . 4_ /'Pitching inoment\ 

Di tchmg-moment coef ficient ( ) 

^ V qSc / 

T . ^ ^.-4 . . /"Lateral forceA 
lateral-force coeflicxent \^ ;:; ] 

^ . 4. ^.oiling Tnorrient\ 

rolllng-moirient coefficient I ^- ; 

• ^ qSb ^ 

. . . /jfavvlng moment ^ 
yav.^inT-^^oment coeificiont v *^~r J 

, , , . . . Hinge moment \ 
hinge -m.oment coefincient I ^ ^ ) 

qb^.Cp2 ^ 

rate of change of lateral-force coefficient with 
angle of sideslip (dCy/dp) 

rate oi change of ro lling-m.om.ent coefficient with 
angle of sideslip ^dCi/d^) 



rate of change of r olling-m.om.ent coefficient with 

2v; 



rolling angular-velocity factor ^0j/6|^ 

rate of change of rolllng-m.om.ent coefficient with 
yawing angular-velocity factor [^''^j/^^l 



rate of change of yawing-mioment coefficient with 
angle of sideslip (60^/6 p) 
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rate of change of ya^vlng-^oment coefficient mth 
angle of yav; 



0^ T^ate of Changs of yawing-moment coefficient vlth 



rolling angular- velocity factor 

\ 

C.^ rate of change of yawing -moment coefficient with 

yawing angular-velocity factor ^^^n/^2Vy 

0^ rate of ' change of yawing -moment coefficient with 
rudder angular deflection (dCn/65) 

Cv, rate of change of rudder hinge-mom.ent coefficient 

^ with angle of sideslip (dC}^/6P) 



rate of change of rudder hinge-mom.ent coefficient 
with angle of yaw I " ^^p 



C];^ rate of change of rudder hinge-moment coefficient 

Y;ith yav;ing angular- velocity factor {b^Yi/^2N) 

^h^ rate of change of rudder hinge-m^oment coefficient 

with rudder angular deflection (oCj^/d^) 

C-u rate of chan9:e of rudder hinge-moment coefficient 

^D5 



with rudder angular-veloci by factor 



APPARATUS 



dt 
2V 



The ter.ts were run in the Langley free-flight tunnel, 
a com.plete description of which is given in reference 1;. 
The model used in the tests was a modified l/7-3cale 
model of a FaircMld XP2'K-1 airolane with its center of 
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gravity located 25 • 8 percent of the mean aerodynamic 

chord. Figure 1 Is a three -view drav;ing of the model. 

The mass and dimensional characteristics of the model are 
given in the follov/ing table: 



Weight, pounds 3 . 7S 

Radius of gyration, k^, foot O.YSlj. 

V/ing area, square feet 

^•Vi ng s pan , f e e t ^•75 

Wing chord, foot O.785 

Distance from airplane center of gravity 

to rudder hinge line, feet 2.07 

Height of rudder, foot O.667 



Root -me an- square chord of rudder, foot O.185 

The vertical tail of the model was a straight-taper 
surface with a rudder of the inset-hinge type. The area 
of the riidder behind the hinge line was h,0 percent of 
the vertical tail area. Three different nose balances 
were attached to the rudder in order to vary the amount 
of aero^ynam-1. c balance. Sketches of these surfaces are 
given in figure 2. The mass characteristics of the 
rudder v/ere varied by moving weights ^Adthin the rudder 
or along a thin metal strip th^t protr-iided at the base 
of the rudder trailing edge. The rudders were mounted 
on ball bearings to reduce friction to a minimum. 

The yaw stand used in the tests was fixed to the 
tunnel floor and allowed, the miodel com.plete freedom in 
yaw but restrained it from^ rolling or sidewise m.otions. 
A photograph of the m.odel installed on the yaw stand is 
shovvn as figure 3- 



TESTS 



Tests were made to determine the period and dam_ping 
of the rudder-free lateral oscillations of the model 
during free gliding flight and v/hen miounted on the yaw 
stand. No tests were performed to determine the effect 
upon the rudder-free stability of eliminating only rolling 
motions , 
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Soope of Tests 

The range of rudder aerodynamic and mass ohai-act er- 
istics covered in the tests is given in table I. The 
test range Investigated was obtained by altering the mass 
characteristics of the rudder by addition of weights at 
various locations. Tn this manner the mass, center of 
gravity, and radius of gyration of the rudder v^ere varied 
simultaneously. This procedure v.as followed for the rudder 
equii:)ped with each of three different amounts of aerodynamic 
balance. All tests were n.in at a dynam.ic pressure of 
1.90 pounds per square foot, ?;hioh corresponded to an air- 
speed of approximately kO ''^st per second. The lift coef- 
ficient was aporoximate ly 0.6, 



Flight Tests 

Flight tests were made tor the model test conditions 1 
to 3 and 10 to IJ of table I. These tests were made by 
flying the test model freely within tlie tunnel as explained 
in reference u.^ Daring a given flig.ht, a mechanism, within 
the model was so activated as to free the rudder after an 
abrupt rudder deflection of about 15^. The rudder-free 
lateral oscillations resulting from, the rudder disturbance 
v^ere recorded by a motion-picture cam.era. The period and 
damping characteristics of the flight oscillations were 
obtained from the motion-picture record and were corre- 
lated with corresponding records from, the yaw-stand tests 
and with calculated characteristics. Several runs were 
m.ade at each test condition and showed a variation of 
period of about 2 percent and a variation of dam:ping of 
less than 10 percent. Typical flight osc"^ llaticns are 
shown in figure i;(a) for a stable condition and in 
figure [[-(b) for an unstable condition. 



Yaw- St and Tests 

The yaw-stand tests were miade lor all test con- 
ditions listed in table T. These tests were made under 
conditions reproducing those considered in the analytical 
treatment of reference 5, in which the rolling and the 
lateral motion of the airplane center of gravity are 
neglected. For the yaw-stand tests, the model was attached 
to the stand and the rudder was deflected l'^*^. At the 
given test airspeed, the rudder was abruptly released 
and the resulting oscillations were photographed by m.eans 
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of a ?Dot ion-pi ctuTe camera installed above the model. 
Records of the period and damping of the yav/ing oscilla- 
tions vvere then obtained in the same manner as for flight 
tests. Approximately the same scatter of period and 
damping values was ootained in the yaw-stand tests as in 
the flit-ht tests. Plots of representative yawing oscilla- 
tions obtained froru the yaw-stand tests are shown in fig- 
ure li(a) for a stable condition and in figure ii(b) for 
a neutrally stable condition* 



Method of Analyzing Test Data 



Stability theory Indicates that the rudder-free 
lateral oscillations ai-e composed of two superimposed 
oscillatory modes, one of which has a shorter period than 
the othero The test oscillations, however, after a short 
interval of tl.^-ne reprosentod only one of these modes - 
the one that sabs5ded later because of the period or damping. 
Tn general, the stability calculations sho\"ed that the 
short-'period mode da;;}ncd t one-half am.plitude in roughly 
1/50 the period of th*^ oM-'j3* miode. The test oscillations 
therefore represented the long-period mode for most of 
the test conritions. 



Measurement of Stability Doi'ivatives 

The stability derivatives necessary for the calcula- 
tions are riven on table II and were obtained by the 
following procedure3: The partial derivatives of yawing- 
mom.ent coefficient with respect to angle of yaw and rudder 
deflection, , ^nd 0^ , were determined from force 

tests of the model on the six-component balance of the 
Langley free-flight tunnel described in reference 5* " The 
results of these tests are presented in figures ^ to 8c 
The hinge-moment derivatives due to cngle of yaw and 
rudder deflection, Cy, , and , were determined fromi 

hinge -moment tests of the model rudder, the data fromi 
which are presented in figures 9 to 11. The rudder 
hinge-momont derivative due to yawing angular velocity 
Gy. was then calculated the relation^. hip 



21 
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(1) 
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The yawing-moment derivative due to yawing angular 
velocity Cn^ (i'ig. 12) was determined by the" free- 
oscillation ir-ethod described in reference" 6 , and the 
rudder hinge -inornent derivative due to rudder angular 

velocity Cy.^^ was similarly determined. The m^easured 
Do 

values of the param.eter (-O.O256 for rudder 1 

and -0.0i;2k for rudders 2 and 5) did not agree with the 
value of -0.1)4.2 as calculated by the miethod presented in 
reference 7 except that the frequency of the oscillation 
was neglected. The cause of this discrepancy was not 
determined but is believed to have been the.hi'gh 
osclllatron frequency at ^whi ch the tests were 
run (about 6 cycles per second at an airspeed of l\.0 feet 
per second). This frequency corresponded approximately 
to the calculated frequency of the rudder in the rudder- 
free tests of conditions 1 to 9 in table IT. 

J^'^easurements indicated thf^t the frictional damping 
of the rudder was about one-tenth of the air damping. 
This value was considered negligible and no attempt 
was m.ade to introduce friction derivatives into the 
calculations. Four runs were m.ade with each rudder and 
the scatter of values of C-u was less than 10 oercent, 

D5 

The partial derivative of the rolling-moment coef- 
ficient with respect to the rolling velocity 
parameter C7 was determined from, the charts of 

reference 8. 'The derivatives C7 and c were 

r 

determined from the formulas given in reference 9o 

CALCULATIONS 
Scope 



Calculations were made of the damping and period 
of the rudder-free lateral oscillations of the model for 
the range of eiri^lane and rudder parameters given in 
table I. These calculations were made by equations that 
provided four degrees of freedom as well as the fewer 
degrees of freedom^ which resulted from the neglect of 
rolling or the neglect of rolling and lateral motions. 
Other calculations were made to determine the effect of 
varying the effective-dihedral parameter C^ upon the 
rudder-free stability characteristics. ^ 
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Me thod 

The cu-^tcmary rrietiiods of stability calculation 
(outlined in reforenco 5) ;vere employed in the oresent 
inveGtigati on. The equations of motion ^^eve set up, 
rendered nondirrensi onal , and eo treated as to obtain the 
stability equations defining the period and damping of 
the lateral-stability modes. 

Equations of motio n.- The nondimensional equations 
of m.otion used in the calculations are given in the 
follov;ing paragraphs. 



The equations used for the r\;dder -f 1 xed condition 



are 



r'x ) ,2 1 



2u 



/'^^z^^2 1 



- - '-r 



^1/ - 0 



(2) 



Equations (2) yield the farrdliar lateral-stability 
equations of tho for:K- 



A^!^- + BV + C\2 +, D\ + E 



(3) 



The general equations of motion for the rudder- 
free condition fi'cur degrees of freedom.) are 
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(2.^^D - C-^^^^B + (-Cj,)jf + (2uD + Gt tan ^Y\i = 



0 



r-Cj;)P+ 2i.,,(-^) D^- ^rC, d|&' + /-^C, dU = 0 



/ 1 



4 



ft 



7 

p 



7. 



2. Z^^^- 



-^o 2 -^D5 



6 = 0 



J 



Equations (i'.) yield the rudder -free lateral-stability 
equations of the forrr 



A. 



For the rudder-free condition, when ro]ling is 
neglected (thiee degrees of freedoir), the equations are 



- Cy^^p + (2^x^.)^I/ = 0 



,/v_\' 



Ih 
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Equations (6) yield stability equations of the form 



^/Vhen the rolling rrotion and the lateral motion of 
the center of gravity are neglected (tvi'o degrees of freedom), 
the equations are 



- 0 



1 



D - c-,.,.!\^ 



5 ■ 2'-^liD6 



D I 5 - ■■ 0 



J 



(8) 



Equations (&) yield stability equations of the form 



^ 0 0 0 J 



(9) 



Tf, in addition to neglect of rolling and lateral 
motion of the center of gravity, the rudder moment of 
inertia is also neglected, the equations are 



^'7^ ? 



2 



D - C 



5 = 0 



b2 



2 



110) 



J 
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Equations (10) yield stability equationp> of the rorrr^. 

De termlna tio n of perl od_ and damping of 1 a te r a 1^ 
osci llati 0103 . ~ The io6"ts of equations fjl , } 
ToTT and (11) are of the form k -=9.^ or?^.-a» + lb'. 
The roots are used In the following equc^tions to deter- 
mine the per: cd and the tim.e to damp to one -half 
amplitude: 

p.2Trb 



and 



T 



"y (15) 



a' 



RESULTS AND DISCUSSION 



The results of the tests and calculations are presented 
in table II, v/hicn lists the period and the reciprocal of 
the time ■ to damp to one -half amplitude for each condition 
investigated* The reciprocal of the tim.e to damip to one- 
half amplitude was chosen "to evaluate the dam^ping, because 
this value is a direct rather than an inverse mieasure of 
the degree of stability. Negative values of the reciprocal 
of the time to damp to one -half amplitude refer to the 
time to increase to double am-olitudco 



Coi-relation of Tests and General Equations 

CalculatI ons o - The stability calculations m:ado v;ith 
the general equ.ations of motion indicated that the m.otions 
of an airplane th rudder free consist of two aperiodic 
modes (convergences or divergences) and two oscillatory 
m.odes, one of which is of a period 2 to 10 times the other. 
As shown by the results presented in table II, these 
calculations indicated that, as long as the rudder radius 
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of gyration and. mass unbalance wore small (conditions 1 
to 9), the short-period mode v^as very heavily damped and, 
conseqiiently , the characteristics of the m.ore lightly 
damped long-period mode determined the nature of the 
rudder-free oscillations. Table II indicates also that 
the characteristics of the long-period m.ode v/ere only 
slightly affected by the rjjdder parameters as long as the 
rudder mass paramieters were low (conditions 1 to 9 ) • 

vi.Oien the radius of gyration and the m.ass unbalance 
of the rudder were large (conditions 10 to 15 ) > the 
calculated period of the short-period m^ode increased 
consideraDly and the damping decreased. At high negative 
floating ratios (conditions 12 and 13)5 the calculations 
indicated that the destabilizing effect of high rudder 
radius of p;yrati on and mass unbalance was sufficient to 
cause lateral instability. 

:^ light tests . - The results of the flight tests are 
presented in table Tic These data indicate that, for low 
values of the rudder mass parameters (conditions 1 
to 9).' the less damped and hence the apparent mode had a 
period of about 1.5 seconds ^ which corresponded to that 
calculated for the long-period mode. For high values of 
the rudder mass parameters (conditions 10 to 15)^ either 
the long- or the short-period mode was the less damped 
of the two modes and hence determined the characteristics 
of the apparent m.otion, depending upon the magnitude of 
the rudder aerodynam.ic parameters C>. and Cv^. For the 

condition of high rudder aerodynamic parameters (condi- 
tions 10 and 11) the long-period mode was the less damped. 
Condition 12, however, shov/ed the short-period mode to 
be the loss damped at somjewhat lov/er values of the rudder 
mass parameters than those of condition 11, and condition 
15 gave an unstable short-period oscillation for even lower 
values of rudder m.ass param.eters. 

Comp arison o f the oretical and calculated results . - 
The tests confirmed the results predicted by the theory 
inasmuch as an unstable lateral oscillation was obtained 
for test condition IJ. The quantitative correlation of 
measured values of period and damping with corresponding 
values calculated by the use of the general equations is 
shown in figure I5 . These data show that the agreement 
between measured and calculated values of period was 
excellent for all conditions tested. This agreement was 
also shown In the correlation between measured and calcu- 
lated values of damping except for conditions 12 and I3. 



NACA ARR No. Ll;.T05a 



17 



For conditions 12 and I5, the calculations Indicated a 
larger degree of instability than tiat encountered in th^. 
tests. This aopare'nt discrepancy was explained by 
further calculations rhich showed that the rudder- free 
stab"lity mve.s critically dependent upon the rudder rass 
characteristics for these test conditions. The results 
of the further calculations are Fiven in figure lb ££nd 
show thst the degree of instability encountered in t'-^st 
condition I5 was indicated by theory to occur at sor.ie- 
what 3rr:aller values of irass unbalance than that used for 
the tests. Another oossible explanation ol the discrep- 
ancy between tests and theory for conditions 12 and IJ 
IS that tiie actual value of C^^^ for these lo'^^-f requency 

conditions iri.^ht have been higher than' the values used in 
the calculrtions end obtained froir- high-frequency rnoasure- 
r!:ents. 'lore infonraticn is required' to determine the 
effect of frequency of the oscillation on this para^-^eter. 

^rZ-^sl Anl^^rp^^^^ Tn order to explain nore 

clearly the physical aspects of the long- and short-neri od 
modes of the rudder-free oscillations, additional ca.lcu- 
lations were :n^ade of the rudder-fre.e and 'rudder-fixed 
stability characteristics over a wide range of dihedral. 
In this way, it was possible to observe analytically the 
change of lateral stability with dihedral when the rudder 
was free. 

A comparison - of the results of the i-udder-f ixed 
and rudder-free calcuDetions indicated that the short- 
period mode of the ruc'der-free oscillations had no counter- 
part in rudder-fixed flight (table TI, condition ll-}. 
This irode, therefore, was an entirely rxew oscillation 
created bv tine new degree of freedom that occurred when 
the^ rudder was freed and prcbab.1:; represents - the oscil- 
lation of the rudder ^.tout its own hinge line. The calcu- 
lations also showed thst the. characteris tj cs of the 
short-period mode were virtually independent of the 
effective-dihedral paraireter , The variation of the 

^- 

calcu].ated values of period and damping of the shore- 
period oscillation for condition 2 ^v' th the eff^-t'-/:- 
dihedral parameter is as follows t 





F 

(S3C1..^ 




0 
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0.087 
.087 
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.087 
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The additional calculations Indicated that the 
characteristics of the long-period mode of rudder-free 
oscillations varied w.ith the effective-dihedral 
parameter C^^ in a manner similar to the variation of 

the rudder-fixed oscillations with this parameter. The 
results of these calculations are presented in figures 
1^ and 16 and indicate that the characteristics of the 
long-period mode for the rudder-free condition were of 
the same order as those of the rudder-fixed oscillation 
but were of lowor damping and higher period. Inasmuch 
as frbeinj rudders of negative floating tendencies is 
known to decrease the directional-stability param.eter 

and a decrease in this factor Is known to decrease the 
damiplng and to increase the period of the lateral 
oscillation (references 10 and 11), the long-period mode 
of the rudder-free oscillations appears to be a modifica- 
tion of the familiar Dutch roll oscillation normally 
encountered in controls-fixed flight. The characteristics 
of the long-period rudder-free m.ode may then be concluded 
to be largely dependent upon the sam.e parameters as the 
rudder-fixed oscillatory mode. For airplanes having rudders 
of negative floating tendency, then, instability of the 
long-period rudder-free m.ode should occur at smaller 
values of effective dihedral than for the corresponding 
rudder-fixed condition. 



Correlation of Tests and Slmjpllfled Equations 

Negl ect of rud der para meters.- Inasm^uch as miost 
present-day airplanes have low values of rudder mass 
parameters, the long-period mode is the predominant 
factor affecting the rudder-free stability character- 
istics for airplanes having rudders of negative floating 
tendency. Consideration of the rudder m.ass parameters 
v.^ould therefore not seem, necessary for these airplanes. 
An approximate solution for the rudder-free stability has 
been obtained by simply considering the controls-fixed 
dynamic lateral-stability equations (2), in which the 
value of C^^ for the rudder-free condition Is used. 

Calculations were m.ade for the test conditions by 
this approximate method, and the period and damping 
results are presented in table II and, for condition 7, 
as points on figures I5 and I6. The value of C^ for 



NACA A^iR No. Ll+JO^a 



19 



the rudder-f rae condition v-^as calculated by the following 
relation fi^oin reference 1: ' ^ 



(rudder free) '^(rudder fixed) ^5 



The values of period and damping obtained v/ith this 
method are in good agreement vd th tiie values calculated 
by the general equations for test conditions 1 to 9o 
For conditions 10 and 11 the correlation is rather poor, 
as was expected, because of the high values of rudder^ 
m.ass paraiijeters at these two conditions. Because the 
approximate m.ethod cannot predict a short-period oscil- 
lation, this method failed completely to predict the 
important features of the rudder-free mictions for con- 
ditions 12 and I5, for which the short-period oscillation 
was about neutrally damped. These calculations indicate 
that, although the predictions yielded by the approximate 
method are good at low values of the rudder m.ass parameters, 
a more comiplete analysis is necessary at high values of 
the rudder mass param.eters. 

F eglect of r o lling m.otion .- The simplification obtained 
by neglecting rolling motion was investigated for the 
present report by com.paring the results obtained by the 
general equations ^y\ath those obtained by equations 
neglecting rolling (equation 6). The values of period 
and dam.pinp!: for the test conditions as calculated by 
equation (§) are presented in table II. In figure I7 the 
characteristics of- the short-period mode obtained by this 
method are comipared with those calculated by the general 
equations. The correlation of the characteristics of both 
the long- and short-period modes calculated by the m.odlfied 
equations v/ith those obtained from flight tests or from 
calculations by the general equations is- fair except for 
conditions 10 and 11. This fact might indicate that tte 
simplified theory gives noor correlation for the case of 
near-neutral stability of the short-period mode when the 
period of the long- and ^^hort-peri od. m.odes is nearl^^ 
equal . 

Equations (6) show that neglect of rolling eliminates 
all of the derivatives involving rolling moment as well 
as those involving rolling motions. The effect of C7 
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on th3 lataral stability cannot^ therefore, be predicted 
by this simplified ir.ethod. The effect of dihedral on 
the long-period mode is to reduce both the period and 
the damping 5 ' as is shown in figures IS and l6.. For 
dihedral an£-les less than 5^ (On < 0 . 06\ hov;'ever , 



neglect of rolling in the equations gives conservative 
results, because these equations indicate less damping 
than the general equations for lov; values of rudder mass 
param.oters (conditions 1 to Q)- This result is obtained 
mainly because wi th lev; dihedral the rolling component 
of the motion is small. 

The effect on the stability of neglect of rolling 
with rudder fixed has also been investigated. The 
results of these calculations are given in table II 
under condition lij. and show reasonably good agreement with 
the results obtained by. the general theory for the rudder- 
f teed condition. Tlus agreement is further proof that, for 
low values of dihedral, rolling may be neglected in 
m.aking these calculations. On the other hand, for air- 
planes: having YA^a dihedral and large values of relative 
denslt^^ and radii of gyration, the long-period oscilla- 
tion might become unstable, as shewn in references 10 
and 11. The neglect of rolling for these conditions 
would invalidate the results for the condition with the 
rudder either free or fixed. 

Neglect of ro lling anri lateral motion. - In the 
theoretical anal;ysis of rudder-free stability published 
In reference 5> "'■^^ equations were further simplified 
by neglecting lateral motion of the airplane center of 
gravity as v^ell as the rolling maotions. These simplified 
equations also pred^'.cted a long-period and a short-period 
oscillation, ^ 

Tests of the m.odel In the ru.dder-free condition 
were made on the yaw stand in order to renroduce the 
theoretical assumptions made in reference 5 (frt^edom in 
yaw about the airplane Z-axls and freedom of the rudder 
about its hinge line). The results of those tests are 
presented in table IT and indicate that, for low values 
of the rudder mass parameters (conditions ]. to '"^ ), the 
long-period miode was the less dam.ped and hence determined 
the characteristics of the apparent m.otion. For higher 
values of the rudder mass parameters (conditions 10 to IJ), 
either the long- or short-period mode v;as the less dam.ped, 
depending upon the magnitude of the rudder aerodynaimic 
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parameters. For conditions 10 and 11, the long-period 
mode v^as the less damped; whereas , for conditions 12 and I3, 
neutral damping of the short -period mode was obtained at 
lower values of the' rudder mass psirameters. 

Tt may be of interest to note that in unpublished 
data from yaw-stand tests, made at higher values of mass 
unbalance of the ludder than those presented herein, an 
unstable short-period oscillation was obtained. This 
unstable oscillation could be started with a very small 
disturbance and would jncresse in amplitude until it 
became a constant-Samplitude oscillation of about tl^^ 
y aw . 

The results of calculations made by utilising the 
equations of reference 3 are listed in table II and have 
been compared in figure I8 to measured values obtained 
from the yaw-stand tests. The data presented in figure I8 
sho'N that the equations of reference J closely predicted 
the rudder-free data obtained in the yaw-stand tests for 
stable conditions. Like the general theory, however, the 
simplified equations predicted instabilitj- of the short- 
period oscillation at lower valur-^s of rudder mass parameters 
than did the yaw-stand tests. 

A comparison of the ysw-stand and free-flight test 
results shows that the elimination of the rolling and 
lateral m.otions results In somewhat longer period and 
less damping than is obtained in flight, as long as the 
long-period oscillation is the controlling factor in the 
apparent motion in flight. \''!hen the characteristics of 
the short-period oscillations are apparent in flight, 
tests on the yaw stand give nearly identical results 
with those from flight tests. These data indicate that 
for small effective dihedral angles neglect of the 
rolling and lateral m.otion yields conservative values 
for the long-period, rudder-free oscillation and accv;rate 
valuer for the short-period osc'llation. This fact 
confirm.3 the conclusion, drawn from the analytical 
investigation concerning the effect of dihedral, that 
the characteristics of the short-period mode are 
relatively independent of dihedral, which is a basic 
rolling derivative. 

The data of table II indicate that the simplified 
theory of reference J, which neglects rolling and lateral 
motion, predicted the char'acteristics of the. short-pei-i od 
miode just .as well as did the general theory and that use 
of the simplified theory v/as therefore justified in this 
respect 0 
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Tlef^leot o f rol ling^ lateral ir.ction, and r udder 
ir-orrien t o f " j ne r 1 1 a . - A further assumption sugge"soec. in 
reference 5 is i:hat the rpoment of inertia of the rudder 
in addition to rolling and lateral motion, iriight be 
disregarded in the cr^lculation of rudder-free stability. 
The results of calculations made with the 'rudder moment 
of inertia neglected are presented in table II and 
indicate that, for airplanes with small amxounts of 
effective dihedral, application of the theory gives a 
reasonably accurate nrediction of the rudder-free stability 
characteristics as long as the long-period oscillation 
is tne controlling factor in the apparent motion. For 
conditions in which the short-period oscillation is the 
less damped miode, however, the assumption must be con- 
sidered wholly invalid for roidders of negative floating 
tendencies, because the calculations Indicate that, when 
the rudder m.oment of inertia is neglected, the short- 
period m.ode is replaced by a heavily damped convergence. 



CONCLUSIONS 



The follov^ing conclusions were drawn from. a.n 
investigation in the Langley free-flight tunnel of: the 
rudder-free stability characteristics of an airplane 
mxOdel equipped with n.idders of negative floating 
tendencies and having negligible friction: 

1. For most present-day airplanes, consideration of 
the rudder mass param^eters is not necessary^ in an analysis 
of the rudder-free stability characteristics. These 
characteristics may be examined simoly by considering 
the dynamic lateral stability ai-.d by using the value of 
the directional-stability parameter C^ for the radder- 

free condition in the conventional controls-fixed lateral- 
stability equations. 

2o Anal;ysls of tl-e rudder-free stabilit;/ of airplanes 
having relatively hi^v'.h values of the rudder mass parame- 
ters vi th respect to the rudder aerodynamic param.eters 
(such as would be encountered in very large airplanes) 
should be made with the complete equations of motion 
for the rudder-free condition. 

Jo The rudder-free stability charactei'is tics of the 
m.odel tested were satisfactorily calculated when all four 
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degrees of lateral freedom were considered in the calcu- 
lations O 

It. The lAadder-f ree char^cteris t ios of the model 
tee^ted vi^ere predicted fairly well when rolling motions 
or rolling and lateral motions were neglected in the 
calculations. Instability of the rudd or~f r'?e Dutcli roll 
type oscillatioii^ however, could net be predicted by 
this m.ethcdc 

5. Large amounts of rudxler mass unbalance caused 

an unstable short-period rudder-free oscillation for the 
model tested. 

6. The characteristics of the short-period oscil- 
lation are found to be independent of the airplane 
effective dihedral, and were satisfactorily predicted for 
the m.odel tested, by either the general stability equations 
in which all four degrees of lateral freedom, are considered 
or by the modified stability equations in which either 

the effects of rolling motions alone or of rolling motions 
and lateral motions of the airplane center of gravity are 
neglected, 

7 3 Yihen the rudder moment of inertia was neglected 
in the calculations, the characteristics of the short- 
period rudder-free oscillations for rudders having 
negative floating tendencies could not be predicted. 
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TABLE I.- TEST CCIsFLITIONS 
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TABLE IT.- COMPARISON OF PERIOD AND DAMPTNO FROM FLIOHT 
AND YAW-STAND TESTS AND CALCULATIONS 



Test 
condition 
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Calculatlona 


Flight 


Yaw stand 


General 
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neglected 
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P and T given in seconds. 
^Approximate method, all rudder parameters neglected except those affecting C^j . 
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figure/.- Three -view draiA^/ng of the modified -If-^CQle 
model of ttie Fdirctiild XR2n-l airptme- 
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Fig. 2 
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Rigure Z , - Sketch of radd&rs used m rudder- f re 
stcf6///(y jn\^estigahor? //? //?e Icfnpkj/ free-fi/g^t tonne/. 
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(Q) Cond/f/on /O. 

^?^Sw^/'7 ^9^Porisofiof fhe rudc/er-free mo/zon f/TD/n /7/q/)/ and ycoA/- 
37Qna 7es/5 for a 3foJDle QonO it/on. ^ 




T/me J Jec 
ib) Cond/tion /3. 
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f/gure 4.- Concluded. 




used/n t^e free-f//g/)t-tu/)ne/ //?vest/gat/o/} of ruc/der- 
free stad///ty. 
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Fig. 6a 




F/gijre 6. 



- Ruofc/er effed/yer?ess for ruMer /. 
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Fig. 7a 
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Ffgure 7— Rudder e/fect/veness for rudder 2, 
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r/gure 7. - Qoncladed . 
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Fig. 8a 
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Fjgure 8. — /Judder e/fect/^e/iess forrudcfer 3 . 
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Fig. 8b 





Rudder de-fl<sc^/onj d, deg 
Fjguns f H/nge -moment c/iorttchr/^^/c^ o/ rctdd^t /, 
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F/gur<5>// H/nqG-monoen-^ character/ sf^/cs o/ 
rudder k3 . 
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Figure — Yoi^/ngt-mo/ne^f coe///c/e/!t ^i/e to 
yoivinff for the mode/ used //i t/>e free-f//gM 
tunnt/ /nirest/gatio/i of rua/der- f^ee stab///ty 
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Per/ocf from f//ghf fe^h^ ^ec 



r/gan^/S.-- Compar/son of per/od and a/am pi ng of ihe rudder- free osc/Z/o/zons of 
a mode as ca/cu/afed dy the comp/e/e fheory w/fh fho5e measufed from 
flighf iesfs. 
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damp/rig of t/ie short-per/od rudder- free osd/Zof/o^- 
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F/gure /S.-Cornpor/son of i^r/a//on o/ /A? 
per/oaf of ^h(S /ong-per/od osc/Z/ahon t^^^f) C) 
as ca/cu/o/ed, rudder //xed and rudder /nss^ 
for -hsf cond/hon 7. 



F/gure/6 ^-^ Compandor) of /A? i/ana-f/on of ^he 
damptng of /he /ong-penod osc///a//on i^/^h C) 
as ca/cu/ofed^ rudder f/xed ODd rudder free ^ 
for fe^f czondd/on J. 
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Figure 17.-- Compor/son of per/od and domp/no of short-penocl rudder-free 




/^gure /Q. - Comporison of period and domping of f/7e rudder- free 05ci/lafion^ of the 
nxJdeJ as coJcaJafed neg/ect/ng ro//ing and /oferaj d/sp/acement i^ith those 
measured from yai/v- s^d test^. 



